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ABSTRACT OF THESIS

MATHEMATICAL MODEL FOR CURRENT TRANSFORMER BASED ON JILESATHERTON THEORY AND SATURATION DETECTION METHOD

Current transformer saturation will cause the secondary current distortion. When
saturation occurs, the secondary current will not be linearly proportional to the primary
current, which may lead to maloperation of protection devices. This thesis researches and
tests two detecting methods: Fast Fourier Transform (FFT) and Wavelet Transform based
methods. Comparing these two methods, FFT has a better performance in steady state
saturation, and Wavelet Transform can determine singularity to provide the moment of
distortion.
The Jiles-Atherton (J-A) theory of ferromagnetic hysteresis is one approach used in
electromagnetics transient modeling. With decades of development, the J-A model has
evolved into different versions. The author summarizes the different models and
implements J-A model in both MATLAB and Simulink.
KEYWORDS: Current Transformer, Jiles-Atherton, MATLAB, Saturation, Fast Fourier
Transform, Wavelet Transform.
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Chapter 1 Introduction
Development of Current Transformer
Current Transformer (CT) is an important power system measuring instrument and
is essential to relay protection. The main requirement of a current transformer is the
ability to accurately reflect the primary current waveform. The main types of current
transformers include electromagnetic transformers, and electronic transformers.
However, the principle of a traditional electromagnetic transformer is realized based on
the core coupling between the primary and secondary windings. Because of the CT core’s
hysteresis and its non-linear characteristics, the secondary current during fault may
contain large harmonics and decaying DC components that may cause CT to have severe
saturation. Consequently, the distortion of the secondary current may lead to protection
maloperation. It is necessary to research the detecting algorithm of current transformer
saturation. Various applications and protection algorithms use outputs of current
transformers as inputs [1]-[4], therefore the study of characteristics of current
transformers is important for ensuring an accurate analysis.
However, the new transformer, such as electronic transformer, is designed to
overcome the disadvantage of the electromagnetic transformer in a transient state. Due to
the large scale and high investment, the new type of CT is only applied at high and extrahigh voltage systems. In practical research, we need to simulate a possible fault state, but
it is unrealistic to conduct a test in a real power system. Therefore, it is important to build
an accurate current transformer model.
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Theoretical Research of Current Transformer Modeling
Nowadays, there are numerous models to simulate the hysteresis characteristic of a
core. The main types are pure mathematic models, (such as the Preisach model and
Hodgdon model), and physical models, (including the Stoner-Wohlfarth model and JilesAtherton model). Comparing these models, Jiles-Atherton has significant advantages; it
uses only five parameters of the mathematical model and the definite physical meaning.
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Chapter 2 Current Transformer
A current transformer as an instrument transformer has the same principle as a
power transformer. It consists of primary and secondary winding. A current transformer
is designed to produce the secondary current, which is proportional to the primary
alternating current. While the alternating current flows through the CT, an alternating
magnetic flux is produced.

Review of Current Transformer
As an instrument transformer, CT is equipped with measuring or protective digital
devices, which cannot be directly connected with the high voltage side. Current
transformer can convert the high side signal into a suitable signal that can be accepted by
digital devices, such as measuring and protective equipment. During the process of
converting the current signal, the CT isolates the measuring instrument from the high
voltage side. Since the measuring and protection instruments are connected in series with
CT, its secondary side circuit is always closed while the current transformer is working.
In this case, the current transformer’s load or burden is small; therefore, the current
transformer’s operation condition is close to a short circuit, and the secondary side should
not open.
In this chapter, we mainly discuss the C type CT that neglects the leakage flux. At
the meantime, primary leakage impedance and secondary reactive impedance will not be
taken into consideration since they will affect the computation. The typical CT ratios are
listed in Table 2.1. Because of the CT’s need to isolate the secondary devices from the
high voltage, the ratio of CT is usually higher than the other types of transformers. In
Figure 2.1, a brief equivalent circuit of a CT is given.
3

Table 2.1 Current Transformer Ratio
Current

100:

200:

300:

400:

500:

600:

800:

900:

100

1200:

Ratio

5

5

5

5

5

5

5

5

0:5

5

Turn

20:1

40:1

60:1

80:1

100:

120:

160:

180:

200:

240:1

1

1

1

1

1

ratio

Figure 2.1 Current Transformer Equivalent Circuit [5]
The following is the fundamental equation of the current transformer,
Bm Af
V

N 22.5110 2

(2.1.1)

Where Bm is the maximum flux density in the core, A is the cross area of the core
m2, this equation works on both sides of the CT.
The secondary excited characteristics of a CT is mainly affected by the voltage
generated by the core. While the voltage drop across the secondary burden is in a lower
4

level, the exciting current is similarly in a low level. Along with the voltage increase, the
secondary current will increase proportionally and the flux will also increase. However,
until the voltage is extremely high, the core will saturate and the CT eventually will
operate in a fault state. The waveform of the secondary current will be apparently
distorted and the CT cannot produce the proportional primary current. In Figure 2.2, a
relationship between Vs (secondary exciting voltage) and IE (exciting current) will be
given.
The curve is obtained from test data and plotted on a log-log coordination. In the
further model of current transformer saturation, we can select points from Figure 2.2 to
simulate the saturation.
For accuracy, under the standard burden, the secondary current will not exceed 10%
error at 20 times rated secondary current. The reason why we emphasize the standard
burden as the higher burden in the secondary side is because we have more server core
saturation. Since the secondary current is calculated by the voltage divided by the burden,
if the burden is higher than the standard burden, then to reach the rated current, the
voltage converted by the CT must be higher. At the other side, the flux density of the core
is obtained by the voltage-time integrals. Therefore, a higher voltage will cause the core
to reach its saturation region faster, and the CT accuracy will be affected.

5

Figure 2.2 Relationship between Vs and IE for a set of non-gapped C class CT [6]

The Effect of Current Transformer Saturation
In this section, a discussion about the factor of saturation and the time influence of
saturate will be given. In theory, the CT saturation can be avoided by the following
situation. The IEEE Std C37.110-1996 introduces several factors that will impact the CT
saturation. Since the CT is able to work correctly for one to three cycles after saturation,
the time to saturation is important to design the relay. The following variables determine
the CT to saturation.[5]
1). Degree of fault current offset. Because the DC component at the primary side
will contribute to an increase of the CT core flux density, the ratio of X/R and the fault
incidence angle which determine the DC component offset influence the primary and
secondary waveform.
6

2). Fault current magnitude. Under the same offset situation, a high fault current will
cause the CT to directly enter the saturation region.
3). Remanent flux in the CT core. The flux remaining in the core while the primary
current is interrupted, will shorten or raise the time to saturation depending on the
polarity. If the remanent flux is extremely high, the core will reach the saturation almost
immediately.
4). Secondary circuit impedance. Under the similar situation, the higher impedance
of the secondary side, the faster the CT will saturate. As we mentioned above, the large
burden will cause the voltage across the core to be higher than usual, in this case, the
flux, which is corresponding to voltage, will increase and shorten the time to saturation.
5). Turns ratio. For a known primary current, increasing the turns ratio will reduce
the secondary current. Even when the fault current does not reach the upper limit of the
primary current, the CT will not saturate. However, in practice, the increase of the turns
ratio will also cause increases of the burden impedance. Thus, the real effect of increase
of the turns ratio will depend on the specific situation.
Based on Figure 2.2 and the previous factor of saturation, the decision to choose a
multi-ratio current transformer needs to be taken into consideration. Meanwhile, the
equipment supplier is probably using a small core to satisfy the accuracy class in a high
ratio CT. A basic equation that can express the relationship between the time to saturation
and the impact factor is

 K 1 
Ts  T1 ln 1  S 
 X /R 
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(2.2.1)

Where

T1 

X
 R , Ts means the time to saturation, T1 is the primary system time

constant, X is the reactance of the primary system to the fault point, R is the resistance of
the primary system to the fault point, and Ks is the saturation factor which can be
obtained by dividing the saturation voltage Vx and secondary exciting voltage Vs.
Because the current transformer is proportionally converting the primary side current, the
saturation of the CT will also impact the measuring and protective devices.

Software Simulation of Current Transformer
In this section, we will introduce two widely used software; ATPDraw and
MATLAB. Since, the power grid is closely related to our daily lives, we cannot test the
current transformer saturation in the real world. So, our research purpose is to evaluate
the damage of saturation in simulation. A brief introduction of the two software follows.
ATPDraw is the Alternative Transients Program (ATP) version of the
Electromagnetic Transients Program (EMTP) on the Microsoft Operating System [7].
The software features a graphical, mouse-driven preprocessor. In the working space of
the software interface, the user can select components by right clicking the mouse to
choose electrical elements by different type. The user can use the mouse to design the
required electrical circuit by connecting each node of components and entering the
variable value into the dialog box in each block. An ATP input file is generated by
ATPDraw and runs the test in ATP. A license is required for the simulation program
ATP, otherwise the constructed circuit cannot get access to the ATP Solvers. The
ATPDraw has the following features: harmonic analysis, an electromagnetic transients
program, switching studies, control systems, time-domain analysis or steady-state
frequency scan, and line and cable parameters
8

MATLAB Simulink is an integrated software package including dynamic system
simulation, modeling, and analysis. It not only supports linear system simulation, but also
nonlinear systems. At the same time, this program can conduct simulations for
continuous systems, discrete systems, and continuous- discrete hybrid systems. It also
supports automatic code generation, custom experiment step size, and embedded userdefinable blocks, which can be written in C, MATLAB, or FORTRAN. In Simulink, it
provides a powerful graphical editor, Power System block, different solvers for modeling
and simulating dynamic systems, and exports simulation results to MATLAB for further
analysis.
2.3.1

Construct a CT Model by ATP
To model a 1200:5 current transformer, the first thing we need to do is set up an

equivalent circuit and determine the parameter of each component in the model. Based on
the guidance of [8] and combined with the data from Figure 2.2, a basic saturate model is
demonstrated in Figure 2.3.

Figure 2.3 ATP saturate transformer model [8]
By reading the top left block in Figure 2.2, the secondary resistance Rs obtained
Rs=0.61 ohm. Low voltage winding of the ATP model is used as the CT secondary side.
Table 2.2 lists the other parameters of each component in the saturate model to build a
CT.
9

Table 2.2 Attribute of ATP saturate transformer
Parameter

Value

Explanation

I0

0

Current through magnetic branch at steady state (A)

F0

0

Flux in magnetic branch in steady state (Wb)

RMAG

0

Infinite resistance of magnetization(ohm)

RP

0.61

Primary side resistance (ohm)

LP

0

Primary side inductance (ohm)

VRP

240

Primary side rated voltage (KV)

Rs

0

Secondary side resistance (ohm)

Ls

1e-7

Secondary side inductance (ohm)

VRS

1

Secondary side rated voltage (KV)

RMS

0

Nonlinear characteristic flag

Figure 2.4 Current transformer test circuit in ATPDraw
Constructing the test circuit of Figure 2.3 in ATPDraw, the circuit includes an 11KV
60Hz AC power source connecting with a RLC impedance branch with 0.05 ohm
resistance and 0.8 ohm inductance, and the saturate transformer with Table 2.2
10

characteristic. In the secondary side of the circuit, the burden consists of an 80 ohm
resistance and 0.001 ohm inductance.
9 points from the secondary current excitation curve are chosen to enter into the
current/flux characteristic. The data of the secondary exciting current versus voltage is
shown in Table 2.3.
After entering all the variables and running the test, the software will automatically
generate a .ATP file. Using the plotXY function to observe the result of the test, Figure
2.5 is the primary side current waveform whose signal begins from 0.1 seconds and ends
at 0.5 seconds. Figure 2.6 is the secondary saturation current waveform. Since the
secondary burden resistance is extremely higher than the standard 1 ohm, the secondary
current is in a sever saturation level. Table 2.4 indicates the pairs of current versus Flux
obtained from the .ATP file. For details of the model, see Appendix A.
Table 2.3 Saturation Characteristic data of exciting current versus voltage
I (A) rms

U (V)rms

0.01

9

0.04

90

0.1

428

0.12

500

0.14

600

0.2

700

0.3

780

0.4

800

40

927
11

Figure 2.5 Primary side current waveform

Figure 2.6 Secondary saturation current waveform
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Table 2.4 Saturation Characteristic pairs of current versus Flux
I (A)

Flux (p.u)

0.014142

0.040514

0.053673

0.405142

0.131695

1.926677

0.175046

2.250791

0.189134

2.700949

0.341287

3.151107

0.561093

3.511234

0.975918

3.601265

94.3968

4.172966

2.3.2

Construct a CT Model by MATLAB
SimPowerSystems components are used to model the electrical power system. The

provided libraries and analysis tools help to construct systems effectively. It includes
electrical sources, basic elements, power electronic devices, different type machines,
practical applications, and various kind of control and measurements. The Powergui
block is the environment block for SimPowerSystems models. The useful toolbox can
help to take harmonic analysis, load flow, and other electrical power system analyses,
which functions help us evaluate the performance of the design.
MATLAB offers an example designed by G. Sybille (Hydro-Quebec) [9] to indicate
the current transformer saturation. A little modification has been made to the original
model. Figure 2.7 is the current transformer saturation model built in Simulink
13

This current transformer model of Figure 2.7 is used to measure secondary current in
a 120 kV 60Hz single line power system connected with a shunt inductor. The CT used in
this model is rated 2000 A / 5 A, 25 VA. The primary and secondary winding resistance
of CT parameter is 0.001p.u and inductance L=0.04p.u. The core loss resistance is
Rm=100p.u. The load series connected with the primary coil is a shunt inductor with
rated capacity 69.3 Mvar, rated current 1 kA, and quality factor Q= 100. Therefore, the
load resistance R is 0.693 ohm and inductance L is 0.221 H. The secondary side of the
CT is connected with a 1 ohm load resistance. The burden is set up to measure the branch
current. The current obtain by multimeter 1 is the secondary current, which should be
proportional to the primary current in normal condition.

Figure 2.7 Current transformer saturation model build in the Simulink
In steady operation, the secondary current converted by the CT is 1000*5/2000 = 2.5
A (3.54 A peak read by the multimeter 1). The CT can be set with or without simulated
hysteresis. Scopes can be used to directly observe the waveform of each variables. Scope
1 overlap the secondary current and primary current divided by turns ratio. The CT flux

14

measured by the multimeter block into p.u is converted by dividing 0.0125 V *sqrt(2)/
(2*pi*60) and is observed through scope 2.
The primary load (ratio of X/R) controls the primary time constant. The switching
time of the primary side breaker determines the magnitude of the aperiodic component.
In the normal test, the breaker is closed at a peak voltage (t = 1.25 cycle). The simulation
was run, and the CT primary current and secondary current can be observed in Figure 2.8.

Figure 2.8 Primary current (red) VS Secondary current (blue) at t=1.25/60s
The red line is the primary current divided turns ratio 400, and the overlapping blue
line is the secondary current. As expected, the aperiodic component is 0, and CT does not
reach the saturation region. The CT flux shown in Figure 2.9 is an approximate sine
wave. The affect by the DC decay component is non-significant.

15

Figure 2.9 Current Transformer flux at t=1.25/60s
Changing the breaker switching time in order to close at voltage zero cross point
(t=1/60s). At this time, the instantaneous source voltage is zero, which means initial
phase angle is α=0, and that will cause the maximum aperiodic component. The shunt
reactor will generate an asymmetry current after the switching. In Figure 2.10, we can
observe that at the beginning the CT is still capable of reflecting the primary current in
proportion. However, after 3 cycles, the flux asymmetry produced by the fault primary
current causes CT saturation, which causes secondary current distortion. Figure 2.11
shows that the flux has reached the 10 p.u saturation level.
As discussed in Section 2.2, there are many factors that will affect the current
transformer saturation. Based on the Simulink model, a discussion will follow to analyze
the size of burden, hysteresis, and extremely high primary current which will cause
steady state saturation.
By using the Powergui built-in hysteresis design tool, we can simulate the hysteresis
curve. Setting the saturation region current as [0.015 0.03 0.06 0.09 0.12] and saturation

16

region fluxes as [1.2 1.35 1.5 1.56 1.572], the partial enlarged hysteresis curve shown in
Figure 2.12. Then, we open the block parameter of CT, and we can set it to simulate
hysteresis. The primary current versus secondary current at t=1/60s with hysteresis that is
shown in Figure 2.13 and Figure 2.14 indicates current Transformer flux.

Figure 2.10 Primary current (red) VS Secondary current (blue) at t=1/60s

Figure 2.11 Current Transformer flux at t=1/60s
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Figure 2.12 Partial enlarged hysteresis curve

Figure 2.13 Primary current (red) VS Secondary current (blue) with Hysteresis
Through comparing Figure 2.10 and Figure 2.13, we can observe the CT cannot
convert proportional primary current from the beginning. The waveform of flux shown in

18

Figure 2.14 gives the explanation that due to the effect of residual magnetism, the core is
easier to saturate.

Figure 2.14 Current Transformer flux with hysteresis
Figure 2.15 shows the test result of resetting the burden impedance R=5 ohm.
Comparing with Figure 2.13, the higher impedance of the secondary side, the faster the
CT saturate.

Figure 2.15 Primary current (red) VS Secondary current (blue) with 5ohm burden

19

In the simulation, through the control experiment, we verified that the degree of
fault current offset, remanent flux, and secondary impedance will influence the degree of
saturation. The ATP is professional software used to simulate the power system transient
problems, but the disadvantage is that it is unable to simulate the hysteresis. From this,
the result of the test may not be accurate enough. MATLAB is a well-developed
commercial software and the current transformer model with the hysteresis design
toolbox is widely used in power system simulation. Considering the powerful graphic
processing and data analysis ability, we chose MATLAB to conduct the experiment in
this paper.
2.3.3

Test in a Transmission System
Based on the simulation in section 2.3.2, the Current transformer model of Simulink

had a better performance at the designed simulation condition. A transmission system
model has been constructed to evaluate the CT in transient study. Figure 2.16 exhibits a
one-line diagram with two generators connected with Bus P and one generator connected
with Bus Q. A design fault located at point T is in the middle of the line. A 1200:5
current transformer is located at the Bus P.

Figure 2.16 One line diagram of a transmission system
20

The source voltages are 500 kV, and the line length is 100 miles. The line
parameters are listed in Table 2.5, and the source impedances are listed in Table 2.6. The
details of the simulation model is in Appendix B.

21

Table 2.5 Line parameters
Line parameter

Value

R1

0.249168 ohm/mile

L1

0.00156277 H/mile

C1

19.469e-9 F/mile

R0

0.60241 ohm/mile

L0

0.0048303 H/mile

C0

12.06678e-9 F/mile

Table 2.6 Source impedance
Parameter

Value

At Bus P
Z1G=Z2G

17.177+j45.5285 ohm

Z0G

2.5904+j14.7328 ohm

At Bus Q
Z1G=Z2G

15.31+j45.9245 ohm

Z0G

0.7229+j15.1288 ohm

An AG fault begins at 1/60s and ends at 5/60s. The following figures are the test
results.
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Figure 2.17 Three-phase voltages at terminal P under an AG fault

Figure 2.18 Three-phase current at terminal P under an AG fault
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Figure 2.19 Secondary current of phase A at terminal P

Figure 2.20 Primary current (red) VS Secondary current (blue) of phase A
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Chapter 3 The Jiles-Atherton model and simulation
The Jiles-Atherton theory of ferromagnetic hysteresis is widely used in the
electromagnetics transient modeling. With over 30 year of development, the J-A model
has evolved into different versions. In this chapter, a review of classic J-A model and
correction model will be list and test in MATLAB.

Review of Classic J-A model
In 1984, Dr. Jiles and Dr. Atherton first proposed using a modified Langevin
function to derive an anhysteretic magnetization curve [10].
Be
)
a

(3.1.1)

Where a  k BT / m

(3.1.2)

M  L(

Be  0 ( H   M )

(3.1.3)

H - Magnetic field intensity;
M - Magnetic moment;
m - Magnetic moment per unit volume;
kB - Boltzmann’s constant;
T - Temperature in Kelvin;
7
μ0 - permeability of free space 0  4 10

By introducing the magnetization energy balance equation, the author expressed the
relation between magnetic hysteresis loss and magnetic moment,

Be

 MdB   L( a )dB
e

e

Via differentiating with respect to Be
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 k(

dM
)dBe
dBe

(3.1.4)

dM
B 
M  L  e   k(
)
dBe
 a 
dH

1 dt  0
δ is direction parameter   
 1 dH  0

dt

(3.1.5)

(3.1.6)

Consequently, the above expression could be used to obtain a B-H curve.
The first publication of J-A method is complex and computation is cumbersome. In
later publications, the authors lead up to two components- the irreversible magnetization
component and the reversible component to represent M,
M  M irr  M rev

(3.1.7)

By this way, the J-A model is easy to compute. A modified mathematic method is
given by the authors to simplify the anhysteretic magnetization equation.

M an ( H e )  M s f ( H e )

(3.1.8)

Where Ms is the core material saturation magnetic moment. To generate the arbitrary
function ƒ(He), a Langevin equation is chosen to model.
L( x)  coth( x) 

1
x

(3.1.9)

Therefore, the Man is derived

H
a 
M an  M s coth( e )  ( ) 
a
He 


(3.1.10)

a is used to describe the sharp of Man.
By the law of conservation of energy, the magnetization energy can be calculated by
finding the differential between the energy obtained or lost by anhysteretic magnetization
and the loss of hysteresis. Based on the previous equation, the expression of M seems
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easy to derive. However, Dr. Jiles represented the derivational process of magnetic
moment in a different idea and in a different publication. Two mainly cited derivate
processes are list below.
In the 1986 paper, the energy equation when only taking irreversible wall motion
into account is given by [11]

 MdB   M
e

an

( H e )dBe  K  (

dM
)dBe
dBe

(3.1.11)

Differentiating with respect to the Be, we have

M  M an   K (

dM
)
dBe

(3.1.12)

Since dBe  0 (dH   dM ) , the differential equation could be rearranged

M an  M
dM

dH  K / 0   ( M an  M )

(3.1.13)

The irreversible component of magnetization is given

dM irr
M an  M irr

dH
 K / 0   ( M an  M irr )

(3.1.14)

With the relation between the reversible component with M and Man
M rev  C ( M an  M )

(3.1.15)

The rate of change reversible moment obtained by differentiating the previous equation,
dM rev
dM an dM
 C(

)
dH
dH
dH

(3.1.16)

Gathering the irreversible and reversible parts,

M an  M
dM
1
C dM an


dH 1  C  K / 0   ( M an  M ) 1  C dH
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(3.1.17)

While, in the 1992 journal [13], the energy conservation equation is exhibited in a
different format.

M irr  M an  k
Substitute

He  H   M

dM irr
dH e

into equation,

dM irr
M an  M irr

dH
k   ( M an  M irr )
k
Where

(3.1.18)

(3.1.19)

K
0 , K means domain pinning parameter.

The reversible magnetization expression is given with
M rev  c( M an  M irr )

So

dM rev
dM an dM
 c(

)
dH
dH
dH

(3.1.20)
(3.1.21)

dM rev
dM irr
Combine dH and dH together,

dM an
dM (1  c)( M an  M irr )

c
dH  k   ( M an  M irr )
dH

(3.1.22)
The author gives the following explanation of the differences found between the two
years. The separate differential of irreversible and reversible magnetization could achieve
complete computation of hysteresis.

Queries on J-A Modeling and Improved Method
Because of the multiple versions, the J-A model does not have a uniform expression
and that makes it difficult for readers to understand the theory. At the same time, the
multiple expressions could not be deduced form previous versions. This presents trouble
in guaranteeing the accuracy when we analyze the J-A theory. The author, Li Zhen,
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proposes several queries from the formula of the anhysteretic magnetization curve and
the derivation of energy loss equation.
The first query is about the anhysteretic magnetization, since anhysteretic curve is
generated by the interaction of external magnetic field and magnetic domain, the
expression is M an ( H e )  M s f ( H e ) . Using the Langevin equation to approximate is a
perfect fit, but the classic J-A model represents Man in two different form. In the
reference [11] and [13],

H M
a


M an  M s coth(
)(
)
a
H M  .


(3.2.1)

Then in the reference [14]


H   M an
a
M an  M s coth(
)(
)
a
H   M an 


(3.2.2)

From the previous derivation M an  M , so we need to determine which Man model to
use. Through the original Langevin equation, L( x)  coth( x)  1/ x , the diagram of L(x) is
generated. The waveform is shown in Figure 3.1.
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Figure 3.1 Langevin diagram L(x)=coth(x)-1/x
By reading the diagram, lim L( x)  0 and lim L( x)  1 ; consequently, lim M an  0 and
x 0

x 

He / a 0

lim M an  1 .Though this character, when Man=0, He/a must approach 0, that means

He / a 

H+αM or H+αMan is equal to 0, based on known condition α ≠0, so H, M, Man must equal
to 0 at same time. By checking the experimental test result of reference [11], we could
obtain that when H =0, M≠ 0.
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Figure 3.2 Experimental magnetization curve obtained on Fe-C 0.06 wt% specimen
By this way，the most appropriate expression of Man should be (3.2.2)


H   M an
a
M an  M s coth(
)(
)
a
H   M an 


The second query is the process of derivation of M; the reference does not explain
how equation （3.1.14）is deduced from （3.1.13）. Assuming the reasoning process is
based on M = Mirr, meanwhile, M  M irr  M rev , so Mrev=0. And M rev  C ( M an  M )
with C≠0, we could reach Man = M; that means the magnetization intensity will not
change whether magnetic hysteresis loss exists. Consequently, it does not make sense for
letting M = Mirr.
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Also, the derivation process of reference [13],

dM
are calculated by combining
dH

dM rev
dM irr
dH and dH , the result should be

M an  M irr
dM
1
C dM an


dH 1  C  K / 0   ( M an  M irr ) 1  C dH

(3.2.3)

Combined equations （3.1.15） and （3.1.7）
 M  M irr  M rev

 M rev  C ( M an  M )

Then we derived Mirr,
(3.2.4)

M irr  (1  C ) M  CM an

Substituted （3.2.4） into equation （3.2.3）,

M an  M
dM
C dM an


dH  K / 0   1  C  ( M an  M ) 1  C dH

(3.2.5)

Apparently, equation （3.2.5） is different with equation （3.1.17）.
Considering previous queries, Li Zhen proposed a modified J-A model [16]. By the
law of energy, magnetostatic energy of actual static magnetization is equal to the
differences between the magnetostatic energy of anhysteretic and the hysterics loss of
magnetization process. The new energy equation is,
 dM irr
 dH e

0  MdH e 0  M an dH e  0 k  


dH e


(3.2.6)

Simplify (3.2.6), we obtain,
 dM irr 
M  M an   k 

 dH e 

Combined equations (3.1.20) and (3.1.7)
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(3.2.7)

 M  M irr  M rev

 M rev  c( M an  M irr )

Then we derived Mirr,
M irr 

( M  cM an )
(1  c)

(3.2.8)

The effective field He could be calculate by
He  H   M

(3.2.9)

Take differential for (3.2.8) and (3.2.9)

(dM  cdM an )

dM irr 
(1  c)

 dH  dH   dM
e

Substitute into (3.2.7)

dM

dH

dM an
dH
 k   (1  c)( M an  M )

(1  c)( M an  M )  c k

(3.2.10)

Where Man should be expressed by (3.2.2).
The expression of dMan is
dM an M s 
a 2
2 He

1  coth ( )  ( ) 
dH e
a 
a
He 

(3.2.11)

Implement J-A Model in MATLAB
In this section, we will describe how to program the J-A hysteresis model in
MATLAB and set up the model in Simulink. Due to the multiple descriptions of J-A, the
experiment will start with the same initial value and develop both the Classic J-A model
and the revised model.
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3.3.1

Parameters of J-A Hysteresis Model
According to the different samples, the hysteresis may be different. The variables

that are needed are Ms, a, α, k, c. These parameters can be obtained by the following
equations [12].
cM s
3a

(3.3.1)

Ms 1
( )
3 xan'

(3.3.2)

xin' 

a





M (H ) 
1

k  an c   

1 c
 1  '
 c  dM an ( H c ) 


 xmax  



dH
 1 c 
 1 c 



(3.3.3)

'
'
Where Hc is coercivity(a/m), xin is the ratio of initial normal susceptibility , xan is

'
the initial anhysteretic susceptibility and xmax is the maximum value of differential

susceptibility.
The saturation magnetization Ms can be obtained from the material data sheet. The
new parameters used for calculations are observed from the experimental measured
magnetic properties of a specimen. By using the data of specimens given by reference
[16] which is shown in Table 3.1, we could simulate the curve. The examples are 0.2, 0.4,
0.8 wt% carbon steel.
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Table 3.1 Model Hysteresis parameter (Ms, a, α, k, c)
Sample

Fe 0.2wt% C

Fe 0.4wt% C

Fe 0.8wt% C

Ms

1.5743×106

1.5755×106

1.5827×106

(A/m)

a

(A/m)

499

1408.1

1017.9

α

(A/m)

7.0921×10-4

2.4×10-3

1.2×10-3

k

(A/m)

1154.6

2356.5

2735.8

0.0198

0.0382

0.1051

c

3.3.2

Simulation and Test
In this section, we will conduct the J-A model by MATLAB. In the first part, we

will program the mathematical expression of the classic and revised J-A model, then
compare the results of the hysteresis curve.
Based on the equation,
H

Ip
N  Lpath

  BS
V

d
dt

(3.3.4)
(3.3.5)

(3.3.6)

Where N is the turn ratio, Lpath is the length of the average magnetic path and S is
the cross area of the core.
Then a simulation test of the current transformer will be conducted with analog
input signal of H to simulate a 1200:5 CT. The amplitude of H will affect hysteresis and

35

determine the saturation degree. After that, by using Simulink function, we will set up a
CT model based on J-A theory [17].
Table 3.2 Core parameter of CT
Parameter

value

N

240

Lpath (m)

1.00076

S (m2)

1.5×10-3

μ0 (H/m)

4π×10-7

Burden R(Ω)

1
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Initial
parameter
Ms,a,k,α,c

Input H

He=H+αM

dH/dt

dH/dt<0
δ=-1

dH/dt>0
δ=1

Man=Ms(coth(He/a)-a/He)
δ

dMirr=((Man-Mirr)/(k*delta))*dHe

B=μ0*（M+H)

M=c*Man+(1-c)*Mirr;

Figure 3.3 Flow chart of classic J-A model
Through the previous calculation, the magnetic flux density B can be obtained. By
drawing the value of B against magnetic field strength H, a hysteresis loop or commonly
called B-H curve, can be produced to show the relationship. Figure 3.3 is a flow chart of
the classic J-A model, the input H signal is equal to 20000*(sin (2*pi*f*T)), so we can
obtain a steady state situation hysteresis curve for different specimens. Using data of
Table 3.1 to conduct simulation, results are given by Figure 3.4-Figure 3.6. See Appendix
C ii for the detail program of the model.
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Figure 3.4 Theoretical Classic J-A Hysteresis Curve based on specimen Fe-0.2wt% C

Figure 3.5 Theoretical Classic J-A Hysteresis Curve based on specimen Fe-0.4wt% C
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Figure 3.6 Theoretical Classic J-A Hysteresis Curve based on specimen Fe-0.8wt% C
Take specimen Fe-0.8wt% C as an example; add point ‘c’, ‘f’ at the x axis
intersection; point ‘b’, ‘e’ at the y axis intersection; point ‘a’ and ‘d’ is the peak of the
curve. The start point ‘0’ means the core was not magnetized. With the field strength H
increased toward a positive direction (0-a), the flux density B will increase at same time,
until the curve flattens and reaches the peak point ‘a’, which means the positive
saturation. When the value of H decreases from the maximum point to 0, the flux density
B will reduce to residual magnetism point ‘b’ due to the core capability of retaining
magnetism instead of the original point 0.
Also, H goes toward the negative, and the flux density B decrease to point c which
means the residual magnetism reduces to zero. This field strength that makes flux density
reach zero is called ‘coercive force’. With H reducing to the negative maximum, the core
reaches the negative saturation point ‘d’. After that, H will reduce to zero and increase to
the positive maximum value, and the flux density B will saturate again at point ‘a’.
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Meanwhile, the intersection with negative y-axis point ‘e’ means negative residual
magnetism, and the intersection with positive x-axis point ‘f’ means positive coercive
force. Point ‘e’ is symmetrical to point ‘b’ and point ‘c’ is symmetrical to point ‘f’. The
entire path of hysteresis loop is 0-a-b-c-d-e-f-a.
Due to the improved J-A model using the modified expression of anhysteretic
magnetization and new energy equation (3.1.20), the process is slightly more complex
than classic model. Figure 3.7 represents the flow chart of the revised J-A model; using
the same input H signal, the simulation results are given by Figure 3.8-Figure 3.10.
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Initial
parameter
Ms,a,k,α,c

Input H

He=H+αMan

dH/dt

dH/dt<0
δ=-1

dH/dt>0
δ=1

Man=Ms(coth(He/a)-a/He)
δ

dMan=Ms*dHe*(1-(coth((H+alpha*Man)/a)^2)
+(a/(H+alpha*Man))^2)/a

dM=((1-c)*(Man-M)*dH+c*delta*k*dMan)/
(delta*k-alpha*(1-c)*(Man-M))

dMirr=(dM-c*dMan)/(1-c)

B=μ0*（M+H)

M=c*Man+(1-c)*Mirr;

Figure 3.7 Flow chart of revised J-A model
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Figure 3.8 Theoretical Revised J-A Hysteresis Curve based on specimen Fe-0.2wt% C

Figure 3.9 Theoretical Revised J-A Hysteresis Curve based on specimen Fe-0.4wt% C
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Figure 3.10 Theoretical Revised J-A Hysteresis Curve based on specimen Fe-0.8wt% C
The enclosed area of the hysteresis loop indicates the energy loss of the magnetic
core under the varying magnetic field. The amount of coercive force can be described by
the degree of magnetism; the less carbon inside the steel, the better magnetism of the
specimen. By observation, specimen 1 has a very narrow B-H curve, so the Fe-0.2wt% C
is an ideal material compared with the others.
However, comparing Figure 3.5 and Figure 3.6, the amount of coercive force is almost
the same; at the same time, the result obtained by the revised J-A model Figure 3.9 and

Figure 3.10 have a distinct difference. Due to different specimens, the performance of Fe0.4wt% C should be better than Fe-0.8wt% C; therefore, we come to a conclusion that the
revised J-A model can more accurately simulate the hysteresis loop.
Based on the revised J-A model, we could obtain the major hysteresis loop. Figure 3.11
shows an example loop which is obtained by the progressive increase magnetic field
amplitude from 1250A/m, 2500A/m, 5000A/m, 10000A/m and ends with 20000A/m.

43

Figure 3.11 Theoretical Revised J-A Major Hysteresis loop
According to the equations (3.3.4), (3.3.5), (3.3.6) and parameter list in Table 3.2,
we could theoretically simulate a 1200:5 current transformer. We set up the primary side
current with 3000A, 20A and 2A sinusoid waves. By observing the waveform, the CT
will be severely saturated under the 3000A primary current. Under the 20A input (Figure
3.13), the saturation degree is moderate compared with Figure 3.12. If the primary side
current is small enough as 2A, the CT will not saturate.
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Figure 3.12 Theoretical Secondary Side Current with 3000A input

Figure 3.13 Theoretical Secondary Side Current with 20A input
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Figure 3.14 Theoretical Secondary Side Current with 2A input
Following the flow chart of the revised J-A model, we could use Simulink to
implement the current transformer. The Simulink is designed to use the interconnected
logic element implementing mathematical equation. Figure 3.15 is the model we build in
Simulink, the time controlled switch connected with two sinusoid input; when t=3/60s, it
will change the input magnetic field from 200A/m to 2000A/m. Since the function
Integrator only can integrate by time, we needs to rewrite equation (3.2.10)

dM
To solve the equation:

dH

Multiple

dM an
dH
 k   (1  c)( M an  M )

(1  c)( M an  M )  c k

dH
in both side,
dt

(1  c)( M an  M )
dM an
dM
dH
c k


dt  k   (1  c)( M an  M ) dt  k   (1  c)( M an  M ) dt
Then the MATLAB Simulink function Integrator could solve M
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(3.3.7)
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Figure 3.15 Current Transformer model based on Revised J-A mod

Figure 3.16 Simulink generated Hysteresis loop of specimen Fe-0.8wt% C

Figure 3.17 Secondary Current Simulate with 200A/m and 2000A/m Magnetic field
Comparing Figure 3.16 with Figure 3.10, the B-H loop is virtually identical. The
Simulink model can obtain the same J-A model that proves the rewritten equation (3.3.7)
is correct. Figure 3.17 indicates that under the same specimen, the only condition that
could affect the saturation degree is the magnetic field, in other words, the magnetization
current.
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Chapter 4 Current Transformer Saturation Detection
In the power system protection, the current transformer saturation will cause the
secondary current distortion. Therefore, the current transformer cannot convert the
primary current in proportion which causes protection devices maloperation, and may
lead to widespread power outages. For this reason, an effective saturation detecting
method is needed [18]. The proposed methods in this chapter are mainly for post-fault
analysis with a sampling rate of 128 samples per cycle on a 60 Hz system, and
application to real time protection needs more investigation.

Detecting method based on Harmonic Distortion
4.1.1

Brief Introduction of Fast Fourier Transform
With nearly a hundred years of development, the harmonic detecting method has

developed frequency domain and time domain theory. The Fast Fourier Transform (FFT)
is the typical application, and it can accurately detect the amplitude and phase under the
stationary signal. The harmonics in the power system are mainly caused by the non-linear
load.
In the ideal situation, the voltage waveform under the steady state power grid is the
power frequency sinusoid; the mathematical expression is,

u (t )  2U sin(t   )

(4.1.1)

Where U is the voltage effective value, α is the initial phase angle, and ω is angular
frequency.
In actual practice, the protected device measures the effective voltage or current
value. Taking the periodic current as an example, the definition of the Irms is in the
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equation (4.1.2); for the non-sinusoidal periodic voltage (4.1.3) and current (4.1.4), they
can be expressed by trigonometric series, and parameter n means the order of harmonic.

1 T 2
i (t )dt
T 0

I

(4.1.2)



u (t )  U 0   2U n sin(n1t   n )
n 1

(4.1.3)



i (t )  I 0   2 I n sin(n1t   n )
n 1

(4.1.4)

Substitute equation (4.1.4) into Irms equation (4.1.2)
1
I
T

2



T

0





2
I

2
I
sin(
n

t


)
dt

I

I n2


n
1
n 
0
 0
n 1
n 1



(4.1.5)

The same process for Vrms


U  U 02   U n2
n 1

(4.1.6)

To describe the degree of distorted waveform derivation from sine wave, harmonic
content UH, harmonic ratio and total harmonic distortion is introduced. The harmonic
content is sqrt (sum of each harmonic squares), therefore the harmonic voltage content is
equation (4.1.7). The harmonic ratio is the nth order harmonic divided by the fundamental
effective value; the equation (4.1.8) shows the nth order voltage harmonic ratio.
Additionally, total harmonic distortion is the ratio of harmonic content against the
fundamental harmonic.
UH 



U
n2
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2
n

(4.1.7)

Un
100%
U1

(4.1.8)

UH
100%
U1

(4.1.9)

HRU n 

THDU 

The fast Fourier transform is used to convert the time domain wave into the
frequency component. FFT is a new method of discrete Fourier transform (DFT); it is a
fast and effective algorithm to compute DFT. The main function of DFT is to transform
discrete periodic signals into discrete periodic spectrums [19]. Using FFT to analyze a
signal, the evaluation time is less than DFT, which is due to the reduction of the
multiplication number. The DFT need N2 computation, but FFT only needs Nlog2(N)
multiplications. In order to implement the algorithm, an N point sequence DFT can

 x[n]
decompose into two DFT with N/2 length. Assuming a signal is

N 1
n 0

, when using

DFT the signal is a sequences X[k], k=0,~,N-1.[20]
N 1

X [k ]   x[n]e 2 jnk / N

(4.1.10)

n 0

If we rewrite the equation (4.1.10) with the Twiddle factor WNkn  e

j

2
kn
N

, we can save

steps during the calculation. The new equation (4.1.11) can obtain from two parts an even
input and an odd input of the N point DFT.
N 1

X [k ]   x[n]W
n 0

kn
N

N 1

N 1

  x[n]W   x[n]WNkn  X 1 (k )  WNk X 2 (k ) (4.1.11)
n 0

even n

kn
N

n 0

odd
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n

4.1.2

Studies Method
This method is based on two features of the current transformer saturation: the first

is that the saturated secondary current has a large amount of aperiodic components, which
is due to the switch closing at the zero cross point of voltage, thereby producing current
asymmetry at the shunt reactor; additionally, the second feature is a fault signal that has a
certain number of odd harmonics. This is caused by the extremely high input voltage
saturation. The Fast Fourier Transform is used to detect the total harmonics distortion and
harmonic order content ratio of each measured signal. Additionally, because of the
efficiency calculation and capability to separate the even/odd harmonic, an FFT based
algorithm can be used to classify the types of current transformer saturation.
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Inputs: Capture
One Cycle
Secondary
Current

Fast Fourier
Transform Based
Feature
Extraction

Threshold
Setting

No

THD >5%

Yes
Output:
Steady State
Saturation

% of 2nd
Harmonic>15%
No
Yes
Output：
Transient State
Saturation

Figure 4.1 FFT based Detection and classification Flow Chart
Figure 4.1 shows the flow chart of the detection and classification. The first panel
shows the input of each cycle of the secondary current waveform. The FFT is introduced
to extract the features of the original signal. Then, we can propose rules of CT saturation
detection. The first rule which is THD >5 % determines whether or not the input signal is
saturated. The second rule is used to classify the types of a CT saturation. When the
second harmonic ratio is larger than 15%, the algorithm detects that it is a transient state
type saturation, which is caused by an asymmetric fault current. Otherwise, the CT is in
steady state saturation.
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4.1.3

Test Results
Based on the previous study, there are two significant types of saturation: steady

state and transient state. The main reason of the steady state saturation is the oversize
primary current that makes the CT directly saturate. A large number of aperiodic
components lead to the CT transient saturation. Using the modified current transformer
model in MATLAB Simulink, the circuit is in Figure 2.7.
Three designed cases of different CT operating situations are listed. Figure 4.2
shows the secondary current waveform when CT normally operates, Figure 4.3 illustrates
the results which indicate that CT saturation which is due to the extremely high primary
current, and Figure 4.4 represents the waveform of CT saturation due to current
asymmetry.

Figure 4.2 Case 1
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Figure 4.3 Case 2

Figure 4.4 Case 3
Open the powergui block built-in function FFT analysis tool, choosing the signal we
need to analyze.
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Table 4.1 Results of each state saturation
Situation
parameters
Number
Start Time (s)
THD
0 Hz
DC:
60 Hz
Fnd:
120 Hz h2:
180 Hz h3:
240 Hz h4:
300 Hz h5:
360 Hz h6:
420 Hz h7:
480 Hz h8:
540 Hz h9:
Saturation

Case 1
1
1.25/60
0.48%
1.03%
100.00%
0.25%
0.14%
0.11%
0.09%
0.07%
0.06%
0.06%
0.06%
No

Case 2
2
1.25/60
25.27%
14.11%
100.00%
8.80%
17.56%
6.31%
7.90%
8.08%
2.30%
4.48%
2.89%
Yes

3
2.25/60
19.33%
0.10%
100.00%
0.34%
17.01%
0.46%
8.18%
0.33%
3.56%
0.14%
1.03%
Yes

Case 3
4
1/60
1.71%
0.10%
100.00%
0.34%
17.01%
0.46%
8.18%
0.33%
3.56%
0.14%
1.03%
No

5
5/60
27.63%
36.25%
100.00%
25.51%
7.34%
5.90%
2.93%
2.57%
1.60%
1.40%
1.03%
Yes

6
6/60
12.02%
36.25%
100.00%
25.51%
7.34%
5.90%
2.93%
2.57%
1.60%
1.40%
1.03%
Yes

Table 4.1 shows the analysis of different states and represents the detecting results.
Through analyzing data 1, the THD is 0.48% which does not exceed the threshold value
of 5%. This means the CT is working well. For data 5, the THD = 27.63% which
indicates the CT is saturated, and the percentage of the 2nd harmonic is larger than 15%
which proves that CT is in a transient state situation. For data 2, the THD is larger than
5%, but the ratio of 2nd harmonic content is less than 10%; therefore, at this moment, the
CT is in a steady state saturation. The output results of the above three data are the same
as the designed cases. The detecting method has proven to be effective.

Wavelet Transform Based Detecting Method
4.2.1

Brief Introduction of Wavelet Transform
The singular points of the distortion signal carry the important information which

means the failure happened. Detecting and locating the singular point is a significant way
to analyze the fault signal. The wavelet transform is a mathematical function used to
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decompose a continuous-time signal into different scale parts, which we can use to detect
the singularity and determine the position. The basic theory of the wavelet transform is to
represent the original waveform by the shifted and scaled mother wavelet.

1
t  k2j
 j ,k (t ) 
(
)
2j
2

(4.2.1)

If the fundamental waveform is F (W), the expression is defined as equation (4.2.2).
The wavelet transform about the F (w) is given in equation (4.2.3)
F ( w)  





WT (a, ) 

1
a



f (t )* eiwt dt





f (t ) * (

(4.2.2)

t 
) dt
a

(4.2.3)
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Figure 4.5 Algorithm of multiresolution analysis
Figure 4.5 is the two layer algorithm of the multiresolution analysis. The algorithm
has decomposed the signal into detail coefficients cD1 and approximation coefficients
cA1. Signal S goes through the high pass filter and subsample by 2 to get the cD1. While
the signal passes through the low pass filter and subsample by 2 to get the cA1. Due to the
fact that the frequency band of filtered signal is narrow, half of the samples still can
represent the information [21]. For the second layer, repeat the steps on the cA1.
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The dbN wavelets are a commonly used set of discrete wavelet transforms
constructed by Daubechies. It can describe the partial and overall singularity change of
the signal. N means the number of vanishing moments. As we discussed previously, 2*N
also can represent the total number of filters. The db1 wavelet is also known as the Haar
wavelet. The Haar wavelet is the only orthogonal wavelet with linear phase.
4.2.2

Studies Method
The second method is based on Wavelet Transform which is used to identify the

singular. As we know, the saturated current signals have an obvious distortion. If the
results of the wavelet transform have significant distortions, we can prove the CT is in
saturation. Additionally, the time of the distortion point indicates that the CT is in
saturation.
Inputs:
Captured
Secondary
Current

Wavelet
Transform Based
Feature
Extraction

Export detail
information d1

Output:
Time of CT in
saturation

Locate the time
of the selceted
point

Determine the
maximum values
of each group
impulse signals

Figure 4.6 Wavelet Transform Based Detecting Method Flow Chart
Figure 4.6 is the flow chart of the wavelet based detecting method. Because of the
different wavelet, it is hard to select an effective wavelet to analyze. If the same signal is
analyzed with a different wavelet function, the result of the transformation will be
different. Through several attempts, the wavelet db5 can satisfy the singularity detecting
purpose. The result of the d1 level reflects the distortion points clearly. The largest one of
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each group impulse signal is the distortional point, which are the points of beginning
saturation or ending saturation [22]. This feature is used to locate the time of saturation.
4.2.3

Test Results
We can use the designed cases in section 4.1.3 to test the wavelet transform based

detecting method. In the command window, type in ‘wavemenu’ to open the wavelet
toolbox main menu. Since our fault signal is one-dimensional, choose the wavelet 1-D
function to analyze it. Export the detail information of d1 to the workspace, then we can
determine the maximum points of each set pulse signals. At this point, the time of the
corresponding maximum point can be located.

Figure 4.7 Wavelet Transform Result of Case 1
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Figure 4.8 Wavelet Transform Result of Case 2

Figure 4.9 Wavelet Transform Result of Case 3
Figure 4.7, Figure 4.8, and Figure 4.9 indicate the result of the wavelet transform.
By observation, in case 1, there is only one group impulse signal. Therefore, case 1 is not
in saturation. In case 2 and case 3, the signal has more than one distortion point, which
means that case 2 and 3 are saturated.
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Through determining the maximum points of the group impulse signal, the time of
CT in saturation can be located. In case 2, the maximum point of the first group impulse
signal is at t=0.009148s, which means the CT begins saturation. Then, at t=0.09988s, the
maximum point of the second group appears, and CT breaks away from saturation. The
maximum point of the third group is located at t=0.1034s, which means the CT is resaturated. During the period between the maximum points of the second and third group,
CT can convert the primary current in proportion. For case 3, the first three maximum
points of each group are located at t=0.02257s, t=0.03057s, and t=0.03222s.
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Chapter 5 Conclusion
The Jiles-Atherton theory of ferromagnetic hysteresis is one approach used in
electromagnetics transient modeling. With decades of development, the J-A model has
evolved into different versions. We summarized the different models. Then, the classic JA model and revised J-A model were simulated in both MATLAB and Simulink.
Comparing the simulation results, we noticed that the revised model has a more accurate
performance.
Current transformer saturation will cause secondary current distortion. When
saturation occurs, the secondary current will not be linearly proportional to the primary
current, which may lead to maloperation of protection devices. The detecting method
based on Fast Fourier Transform can accurately identify the steady state harmonic
magnitude. The wavelet transform based method has a better performance in detecting
the location of the fault, especially in a signal with a large number of aperiodic
components. However, the singularity of the waveform cannot prove whether the signal
is saturated. The better algorithm results from combining these two methods together,
using the wavelet transform to figure out the distortion point and using FFT to make sure
that certain signals are saturated.
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Appendix A: Current transformer model in ATPdraw
BEGIN NEW DATA CASE
C -------------------------------------------------------C Generated by ATPDRAW March, Tuesday 22, 2016
C A Bonneville Power Administration program
C by H. K. H Høidalen at SEfAS /NTNU - NORWAY 1994-2015
C -------------------------------------------------------C dT >< Tmax >< Xopt >< Copt ><Epsiln>

C

1.E-6

.5

60.

500

1

1

1

60.
1

2

3

1
4

0

0

5

1
6

0
7

8

C
345678901234567890123456789012345678901234567890123456789012345678901234
567890
/BRANCH
C < n1 >< n2 ><ref1><ref2>< R >< L >< C >
C < n1 >< n2 ><ref1><ref2>< R >< A >< B ><Leng><><>0
XX0001

80. .001

0

TRANSFORMER

TX0001

0

0.014142135624 0.040514234227
0.053673197871 0.40514234227
0.1316948641

1.9266769166

0.17504589616

2.2507907904

0.18913372576

2.7009489485

0.34128675771

3.1511071065

0.56109276848

3.511233633

0.97591844059

3.6012652646

94.396797671

4.1729661254

9999
1XX0001XX0002
2XX0003

.61
1.E-7

240.
1.
63

XX0007XX0006

.05

.8

0

/SWITCH
C < n 1>< n 2>< Tclose ><Top/Tde >< Ie ><Vf/CLOP >< type >
XX0002

MEASURING

XX0003XX0006

1

MEASURING

1

/SOURCE
C < n 1><>< Ampl. >< Freq. ><Phase/T0>< A1 >< T1 >< TSTART >< TSTOP >
14XX0007

1.1E4

60.

.1

/OUTPUT
XX0001
BLANK BRANCH
BLANK SWITCH
BLANK SOURCE
BLANK OUTPUT
BLANK PLOT
BEGIN NEW DATA CASE
BLANK
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.5

Appendix B: Transmission system model in MALAB
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Appendix C: MALAB Code
i.

Code of generate Langevin equation:

syms x
eq = coth(x)-1/x;
feq = int(eq, x, -inf, inf);
figure;
ezplot(eq, [-1e2 1e2]);
axis([-1e2 1e2 -1 1]);

ii.

Code of generate J-A hysteresis Curve

clear
close all
f=60;
dt=1/(f*1000);
%sample 1 Fe 0.2 wt% C
Ms=1.5743e+6;
a=499;
alpha=7.0921e-4;
c=0.0198;
k=1154.6;
len=round(2/(f*dt));
%N is number of wave
N=3;
T=linspace(0,N/f,len);
%simulated primary current, H=I/(N*Lpath)
cur=20000*(sin(2*pi*f*T))';
h=cur;
%using for simulate 1200:5 CT
%h=cur/(240*1.00076);
n=size(h);
len=n(1);
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col=n(2);
%OUT1 is M; OUT2 is H; OUT3 is B;
M_OUT=zeros(len,col);
H_OUT=zeros(len,col);
B_OUT=zeros(len,col);
%Main JA Algorithm
%initial Mirr and M
Mirr=0;
M=0;
Man=0;
lastHe=0;
for i=2:len
if( i < len)
dH=h(i+1)-h(i);
if(dH>0)
delta=1;
else
delta=-1;
end
end
H=h(i);
He=H+alpha*Man;
dHe=He-lastHe;
Man=Ms*(coth((H+alpha*Man)/a)-a/(H+alpha*Man));
dMan=Ms*dHe*(1-(coth((H+alpha*Man)/a)^2)+(a/(H+alpha*Man))^2)/a;
dM=((1-c)*(Man-M)*dH+c*delta*k*dMan)/(delta*k-alpha*(1-c)*(Man-M));
dMirr=(dM-c*dMan)/(1-c);
Mirr=Mirr+dMirr;
M=c*Man+(1-c)*Mirr;
lastHe=He;
%Classic J-A model
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%He=H+alpha*M;
%dHe=He-lastHe;
%Man=Ms*(coth((He)/a)-a/(He));
%dMirr=((Man-Mirr)/(k*delta))*dHe;
%Mirr=Mirr+dMirr;
% M=c*Man+(1-c)*Mirr;
%lastHe=He;

M_OUT(i,:)=M;
H_OUT(i,:)=H;
B_OUT(i,:)=(1.26e-6)*(M+H);
end
figure
plot(H_OUT,B_OUT)
hold;
xlabel('H')
ylabel('B')
title('B-H')
grid
%Algorithm of secondary current
%Φ=B*s, v=dΦ/dt, seconday current Is= V/R
figure
phy=(1.5e-3)*B_OUT;
dphy=diff(phy)/dt;
v2=dphy;
Is=v2/5;
plot(Is)
xlabel('t')
ylabel('Is')
title('Secondary side Current ')
figure
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subplot(211)
plot(Is(1:end)./(max(abs(Is(1:end)))),'r')
subplot(212)
hold on
plot(cur(1:end)./max(abs(cur)),'g')
title('Secondary side Current vs Primary side current ')
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